Effect of elastic compliances and higher order Landau coefficients on the phase diagram of single domain epitaxial Pb(Zr,Ti)O3 (PZT) thin films AIP Advances 4, 127150 (2014) Ginzburg-Landau-Devonshire models are used to explore ferroelectric phases and pyroelectric coefficients of symmetric free-standing, thin-film trilayer heterostructures composed of a ferroelectric and two identical non-ferroelectric layers. Using BaTiO 3 as a model ferroelectric, we explore the influence of temperature, in-plane misfit strain, and the non-ferroelectric layer (including effects of elastic compliance and volume fraction) on the phase evolution in the ferroelectric. The resulting phase diagram reveals six stable phases, two of which are not observed for thin films on semi-infinite cubic substrates. From there, we focus on heterostructures with non-ferroelectric layers of commonly available scandate materials which are widely used as substrates for epitaxial growth. Again, six phases with volatile phase boundaries are found in the phase diagram for the NdScO 3 /BaTiO 3 / NdScO 3 trilayerheterostructures. The evolution of polarization and pyroelectric coefficients in the free-standing NdScO 3 trilayer heterostructures is discussed with particular attention to the role that heterostructure design plays in influencing the phase evolution and temperature-dependence with a goal of creating enhanced pyroelectric response and advantages over traditional thin-film heterostructures. V C 2015 AIP Publishing LLC.
Structural phase diagram and pyroelectric properties of free-standing ferroelectric/non-ferroelectric multilayer heterostructures I. INTRODUCTION 
Ferroelectrics
1 exhibit a range of unique properties and have attracted considerable interest for their potential in applications such as thermal sensing/imaging. [2] [3] [4] Driven by the desire to fabricate devices on a chip, there has been ongoing interest in the properties of thin-film versions of ferroelectrics and, in turn, a detailed understanding of the fundamental physics of ferroelectric thin films is paramount. [5] [6] [7] In this spirit, extensive work on thin-film epitaxy and strain engineering, 8 focusing on ferroelectric films on thick, rigid substrates, has demonstrated that ferroelectric films are strongly influenced by internal strains 9 and can possess phase transformation characteristics in both single-layer 10, 11 and multilayer 12 heterostructures that differ significantly from the bulk.
In this study, we focus on a prototypical perovskite ferroelectric BaTiO 3 which has Curie temperature T C % 120 C. BaTiO 3 undergoes a sequence of phase transitions from cubic to tetragonal to orthorhombic to rhombohedral as the temperature is decreased from its T C . Previous theoretical studies have investigated the phase transformation characteristics, structures, and ferroelectric nature of the various phases of BaTiO 3 single crystals and epitaxial thin films using non-linear thermodynamic models, [13] [14] [15] [16] first-principles calculations, 17 and phase-field modeling. 18 Here we focus on phenomenological routes based on Ginzburg-LandauDevonshire theory to probe this material as an epitaxial, monodomain thin film.
Compared with ferroelectric films on rigid, semi-infinite substrates, thin-film ferroelectrics on a substrate of comparable thickness (i.e., free-standing heterostructures) represent a more nuanced mechanical system whereby the effect of the substrate can be reduced or even removed, and the evolution of strain in the system can be made to depend on the elastic properties of the various layers more equally. 19, 20 At the same time, recent success in microfabrication of freestanding complex oxide thin films [21] [22] [23] [24] [25] opens the door to potential production, study, and, ultimately, utilization of such free-standing heterostructures. This, in turn, could open new pathways for controlling and optimizing ferroelectric phases, creating phase competition which ultimately can increase susceptibilities (including dielectric, piezoelectric, and pyroelectric responses).
With this in mind, we study the evolution of ferroelectric phases and pyroelectric coefficients of free-standing, non-ferroelectric/BaTiO 3 /non-ferroelectric trilayer heterostructures, with particular attention to the role of temperature, in-plane misfit strain, and the elastic compliances and volume fractions of the layers in determining the phase evolution and properties. The free-standing trilayer heterostructures were compared to two reference structures: (1) bulk BaTiO 3 (volume fraction of ferroelectric ¼ 1) and (2) thinfilm BaTiO 3 on a rigid, semi-infinite thick substrate (volume fraction of ferroelectric approaching 0). After downselection of a number of candidate materials, we demonstrate how free-standing NdScO 3 /BaTiO 3 /NdScO 3 heterostructures can provide a pathway to access a diverse range of near-room-temperature stable phases and provide guidance for the experimental design of multilayers with enhanced pyroelectric coefficients.
II. MODEL AND FORMALISM
We use a thermodynamic formalism based on GinzburgLandau-Devonshire theory for a symmetric trilayer system composed of a ferroelectric and two identical nonferroelectric layers in intimate contact akin to that developed in Ref. 19 . The models in this work assume short-circuit boundary conditions in which the polarization mismatch between layers is electrostatically decoupled 26 and the depolarization field can be neglected. It is assumed, for these models, that the presence of the electrodes does not change the mechanical boundary conditions. In this approach, we minimize the free energy with respect to polarization under various stain states and temperatures [Eq. (1)] and using the equilibrium polarization P 0 i calculate the pyroelectric coeffi-
In particular, we consider a homogeneous, monodomain, epitaxial ferroelectric BaTiO 3 layer in contact with (001)-oriented cubic, non-ferroelectric layers and express the total free energy density of the heterostructure as
where G F and G NF are the total energy density of the ferroelectric and non-ferroelectric layers, respectively, G 0 and G L are the free energy density of the paraelectric and ferroelectric state of the ferroelectric layer, respectively, G EL is the elastic energy density in the ferroelectric layer due to internal strains, 27 u m is the in-plane misfit strain calculated
, a NF and a F are the equivalent cubic lattice parameters of the non-ferroelectric and ferroelectric layers, respectively, P i are the components of the polarization vector, T is the temperature, and / F and / NF are the volume fraction of the ferroelectric and non-ferroelectric layers, respectively (where / F % 0 and ¼ 1 correspond to a ferroelectric thin film on a semi-infinite substrate and a bulk-like ferroelectric, respectively). The general expression of each term of the total free energy density is shown as
where a i , a ij , a ijk , and a ijkl are dielectric stiffness coefficients, Q ijmn are the cubic electrostriction coefficients, and C ijkl are the cubic elastic stiffness values at constant dielectric displacement. The mechanical boundary conditions are
where e (7) into Eq. (3), is
whereã i andã ij are the renormalized dielectric stiffness coefficients expressed as
In Voigt notation, Q ij are the electrostrictive coefficients and S ij are the elastic compliances which can be transformed from C ij . In the context of this work, the value S ij is determined by
, and S 44 ¼ 1/C 44 . The values of C ij and S ij for various materials are listed in Tables I and II. The Landau coefficients and thermodynamic properties used in Eq. (9) are listed in Table III . 28 The differences in the dielectric stiffness coefficients [Eq. (9) ] in the trilayer heterostructure compared with its bulk ferroelectric counterpart are due to the elastic energy contribution from the non-ferroelectric layers, which depends on / F and S ij NF (i.e., S 11 NF þ S 12 NF , S 11 NF À S 12 NF , and S 44 NF in this study). Our preliminary calculations show that the variation of S 44 has much less impact on the equilibrium polarization and phases than do S 11 NF þ S 12 NF and S 11 NF À S 12 NF and therefore we will begin our discussion focusing on their influence on the phase evolution and pyroelectric response.
III. RESULTS AND DISCUSSION
A schematic of the non-ferroelectric/ferroelectric/nonferroelectric trilayer heterostructure and the associated parameters is provided [ Figure 1(a) (Table III) .
We obtain the temperature-misfit strain phase diagram for epitaxial, monodomain BaTiO 3 films on semi-infinite, non-ferroelectric substrates [ Figure 1 
, and (4) rhombohedral with the polarization along [111] (r; jP 1 j ¼ jP 2 j 6 ¼ 0, P 3 6 ¼ 0), all of which are consistent with those reported previously. 15 Although not overly important, it should be noted that the symmetry of the r phase in epitaxial films could be slightly distorted from its bulk equivalent. For the same range of temperatures and misfit strain, we also calculated the temperature-misfit strain phase 
. This demonstrates that the free-standing multilayer heterostructures provide the possibility for phases with anisotropic, in-plane polarization to be produced, which are known to be difficult to stabilize for thin films on thick, cubic substrates. Additionally, the stability range for the c phase in the free-standing trilayer heterostructure extends from compressive strains into small tensile strains and potentially can be further tuned by selection of the non-ferroelectric layers.
The volume fraction-misfit strain phase diagram, at T ¼ 25 C within the misfit strain range from À0.003 u m 0.003 and volume fractions from 0 / F 1, has also been calculated for the epitaxial, monodomain non-ferroelectric/ BaTiO 3 /non-ferroelectric trilayer heterostructures assuming equal elastic compliances between the layers (i.e., S ij Figure 2(a) ]. In this case, five stable phases are found. Under relatively large compressive strains, the stable phase is always the c phase, independent of / F and u m ; that stability range also extends to small tensile strains as / F increases. As one moves into the small compressive and tensile strain regime, the phase diagram becomes more complicated and competition between five ferroelectric phases a, aa, ac, c, and r is observed. In this regime, in general, as / F increases, the effect of the non-ferroelectric layers on the ferroelectric layer decreases, resulting in the stabilization of a and ac phases. At / F % 1, the stable phases in the diagram correspond to those of bulk-like BaTiO 3 . Thus, by varying both the volume fraction and the misfit strain within the free-standing non-ferroelectric/ferroelectric/non-ferroelectric trilayer heterostructures, one can provide an interesting pathway to manipulate the phase of the BaTiO 3 .
In the phase diagrams we have studied thus far, we have assumed equal elastic compliances of the layers (i.e., S ij F
¼ S ij NF
). From here, we can also proceed to explore the evolution of phase diagrams under an assumption of equal volume fractions (i.e., / F ¼ 0.5) with changing elastic compliances of the non-ferroelectric layers (S 11 NF þ S 12 NF ) and misfit strain (u m ). The larger the magnitude of S ij , the more compliant (i.e., less stiff) the material is. 29 In this study, it is convenient to analyze the effect of compliances of the nonferroelectric materials using the two parameters S 11 NF þ S 12 NF and S 11 NF À S 12 NF [Eq. (7)]. In this spirit, we provide phase diagrams at two values of , unsurprisingly, that c and aa are the equilibrium phases at large compressive or tensile strain, respectively, regardless of the compliances of the nonferroelectric layers. As in the previous case studied above, the ac and r phases are only stable at small or intermediate , the ranges of strains where ac and r phases are stable shrink as the nonferroelectric layers are made more compliant (i.e., larger magnitude of S 11 NF þ S 12 NF ). Comparing the two diagrams associated with the two values of S 11 NF À S 12 NF , it is observed that the phase boundary between the ac and r phases shifts as a function of S 11 NF À S 12 NF , while the phase boundaries between the c/ac and r/aa phases are essentially independent of S 11 NF À S 12 NF . This can be explained by the fact that the magnitude of S 11 NF À S 12 NF represents the difference in compliances between two orthogonal in-plane axes of the non-ferroelectric layers [ Figure 1(a) ] and provides information on how misfit strain can be different along the two in-plane directions. The bigger that difference, the more likely the ferroelectric phase is to possess unequal polarization components along the two in-plane directions. Therefore, as the magnitude of S 11 NF À S 12 NF increases, for the same magnitude of S 11 NF þ S 12 NF , the stability regime of the r phase, with isotropic in-plane polarization, is reduced and the stability of the ac phase, with anisotropic in-plane polarization, is enhanced.
From these results, it is clear that the majority of the complexity and potential for interesting, near-phase-boundary effects, which generally have enhanced susceptibilities, will be found in the small strain regime in BaTiO 3 -based free-standing trilayer heterostructures. From here, we have examined the lattice parameters of a variety of commercially available substrates (these materials were considered because they are commonly used in the community and the elastic constants are typically measured for these systems, thereby enabling reliable usage in these models) and find that those of NdScO 3 (a ¼ 5.770 Å , b ¼ 5.579 Å , and c ¼ 7.999 Å ; corresponding to a pseudocubic lattice parameter of 4.008 Å ) 8, 30 allow for maintenance of very small lattice misfit strain (0.075%) with BaTiO 3 (with lattice parameter of 4.005 Å ) and thus ready access to the regime of near-room-temperature enhanced properties. We note that the appropriate elastic constants are not necessarily available for a large number of candidate perovskite materials, thus limiting our survey in some regard. Additionally, we focus on perovskite systems because practical construction of these heterostructures would require the ability to create high-quality heterostructures which requires materials with chemical and structural compatibility to the ferroelectric layer. In this regard, NdScO 3 is a good material because it possesses a perovskite structure and is known to enable the growth of high-quality, multilayer structures.
Based on this observation, we have gone on to downselect to study the phase diagram for (001)-oriented NdScO 3 /BaTiO 3 /NdScO 3 free-standing trilayer heterostructures as a function of temperature and volume fraction of the BaTiO 3 . Calculation of the volume fraction-temperature phase diagram [ Figure 3(a) ] reveals that all six phases noted above are found to be stable in the NdScO 3 /BaTiO 3 /NdScO 3 free-standing trilayer heterostructures. For relatively small / F , the r phase is stable in the temperature range from 0 to 50 C, and the phase evolves with increasing temperature from r ! aa ! p and from r ! aa ! a ! p with the former occurring at a small / F and the latter at larger / F . As / F increases further, the effect of the NdScO 3 layers on the BaTiO 3 layer decreases, resulting in a multiplicity of equilibrium phases including r, aa, ac, a, and c phases as temperature is varied. For all magnitudes of / F at T ! 136 C, the polarization is found to be entirely suppressed, corresponding to the p phase in the diagram. The choice of non-ferroelectric layers is critical for obtaining such phase competition. For comparison, if one calculates the phase diagram using other non-ferroelectric layers, for instance we calculated for both DyScO 3 and GdScO 3 non-ferroelectric layers, the volume fraction-temperature phase diagram of those free-standing heterostructures reveals that only the c phase is stable with the range of misfit strain from À0.003 u m 0.003 and temperatures from 0 C T 150 C. In general, it should be possible to choose from a range of possible non-ferroelectric layers and, if one controls things like the lattice parameter, the elastic constants, the thermal expansion mismatch, etc., one can potentially exert considerable control on the system. The current study is in no way meant to be an exhaustive study, but only demonstrates the concept with known materials. In order to better understand the characteristics of these various phase transitions, the magnitude of the total equilibrium polarization as a function of temperature and volume fraction of BaTiO 3 was calculated [ Figure 3 (Table II) , while the compliance of the layers in Figure 1 is quite large. 31 At T ¼ 25 C, the magnitude of the pyroelectric coefficients along the three directions, in general, is found to be in the range from 0.2 Â 10 À3 to 1.0 Â 10 À3 C/m 2 C K. In contrast to bulk BaTiO 3 , 32 the pyroelectric responses of free-standing NdScO 3 /BaTiO 3 /NdScO 3 trilayer heterostructures [ Figure 4 ] exhibit a relatively wide temperature range for large pyroelectric response and the flexibility to adjust the volume fraction of the layers enables one to be able to tune the temperature of the maximum pyroelectric response from >100 C down to as low as room temperature.
IV. CONCLUSIONS
We have investigated free-standing non-ferroelectric/ ferroelectric/non-ferroelectric trilayer heterostructures using a nonlinear thermodynamic model. Using BaTiO 3 as the ferroelectric layer, we explored the phase diagram as a function of temperature, in-plane misfit strain, and the elastic compliances and volume fraction of the non-ferroelectric layers. In the phase diagram of the BaTiO 3 -based, free-standing trilayer heterostructures, six phases are found to be stable, two of which are not observed for thin films on semi-infinite cubic substrates. The new a and ac phases appear at relatively large volume fractions of the non-ferroelectric layers and at small or intermediate strains. The range of strains where ac and r phases are stable is made smaller as the nonferroelectric layers are made more compliant, while only the phase boundary between ac and r phases shifts as a function of the differences in compliances between two orthogonal in-plane axes of each layer. All six phases with volatile phase boundaries are found in the phase diagram for NdScO 3 /BaTiO 3 /NdScO 3 trilayer heterostructure. The evolution of polarization and phase sequences as a function of temperature and volume fraction of the layers are demonstrated and compared with bulk BaTiO 3 and BaTiO 3 films on semi-infinite NdScO 3 substrates. Relatively large pyroelectric susceptibilities are found in NdScO 3 /BaTiO 3 /NdScO 3 trilayer heterostructure within specific temperature and volume fraction ranges. These results provide a pathway to access stable ferroelectric phases and to guide experimental design of multilayers with potentially new phases which can produce pyroelectric responses not possible in heterostructures with semi-infinite non-ferroelectric layers.
